concentrations of these two agents are seen to vary in the venous blood during active (exercise) hyperemia, reactive hyperemia, and autoregulation.
However, before such a causal relationship can be entertained, it must be established that these agents are in fact immediately vasoactive in vascular beds that exhibit local regulation and that this vasoactivity is manifest over the range of concentrations seen in local regulation.
In order that studies of vasoactivity will have relevance to local regulation, the concentration of oxygen or carbon dioxide must be quickly altered only in the blood perfusing the intact organ and not in the systemic circulation as a whole. Such studies have been accomplished in only a few vascular beds and these studies are not in complete agreement.
Fleisch et al. (5) f ound that local hypoxemia did not produce dilation in the cat hindlimb and intestine until the hypoxemia was severe but that a small elevation in carbon dioxide concentration produced significant dilation. Therefore, they concluded that carbon dioxide but not oxygen was an important factor in local regulation. On the other hand, Ross et al. (18) Similarly in the Molnar study, altering the carbon dioxide content by 15.8 ~01% did not produce a significant change in forelimb resistance. The studies in the coronary vascular bed are in better agreement. Hilton and Eichholtz (13), utilizing a heart lung preparation, reported that perfusion with deoxygenated blood produced a large increase in coronary flow. Gremels and Starling (7) f ound that the increase in flow occurred at about 40 7c saturation in the perfusing blood. Berne (2) observed that this flow increase occurred when the sinus blood oxygen content fell below 5.5 ~01%. Hilton and Eichholtz (13) and Gremels and Starling (7) also found an increase in coronary blood flow during administration of carbon dioxide. There apparently are no truly local studies on the effect of oxygen and carbon dioxide on the intact blood-perfused renal vascular bed. In the present study the effects of changes in oxygen and carbon dioxide tensions on the intact blood-perfused forelimb, coronary, and renal vascular beds were observed with a system which permitted rapid local changes in one variable without affecting the other. Charleston, S. C.) sutured to the surface of the left ventricle.
These cannulation techniques have been described in detail in a previous paper (9).
The femoral artery or vein blood was pumped (Sigmamotor Pump, model T-GSH, Sigmamotor Inc., Middleport, N. Y.) into the pulmonary artery of the isolated lung. The venous effluent, obtained by tying a cannula into the partially preserved left atrium, passed an oxygen tension probe (oxygen macroelectrode, Beckman Instruments Inc., Spinco Division, Palo Alto, Calif.) and then was pumped into either the brachial, renal, or coronary artery. Blood flow was adjusted to a value which produced a perfusion pressure approximately equal to aortic pressure and held constant at that level for the rest of the experiment except when changes in flow were being studied. Pulmonary artery and vein pressures were continuously monitored and maintained near the normal in viva values by adjusting the speed at which the femoral blood was delivered into the pulmonary artery. The isolated lung was ventilated with a second mechanical respirator via its main stem bronchus. In an initial series of experiments, large sudden changes in perfusate Pop and Pcoz were accomplished by sequentially ventilating the isolated lung with ambient air, low oxygen mixture, high oxygen mixture, ambient air, high carbon dioxide mixture, and ambient air at a more rapid rate (perfusate = arterial blood). During the first five periods, the stroke volume and frequency of the respirator were constant. However, the ventilatory minute volume exceeded normal while the pulmonary blood flow of the isolated lung was less than normal. This permitted rapid equilibration between alveolus and blood but at the same time caused alkalosis during the first four periods. Therefore, in a second series of experiments, ventilation was accomplished with 5 % CO&20 % 02-75 7: Na ) 5 % COZ-95 % n-2 , and 5 % COZ-20 % 02-75 o/c: Nn (perfusate = venous blood). The addition of the 5 % CO2 to the ventilating mixtures obviated the alkalosis while permitting the use of the high ventilationto-perfusion ratio. In the experiments described above as well as in those described below aortic pressure, perfusate Pea , and, in the case of the heart, left ventricular contractile force were continuously recorded. In addition, blood was sampled downstream from the lung at the end of each ventilation period for the measurement of pH (Beckman model 76 expanded-scale pH meter with constantternperature block) and, in some cases, for the measurement of oxygen content (Van Slyke manometric technique).
Graded changes in perfusate PO:! , pH constant, were accomplished by sequentially ventilating the isolated lung with gas mixtures containing 20 % (control), 10 %, 5 %, 2.5 76, O%, and 20% (control) oxygen in nitrogen. Regardless of the oxygen concentration, each gas mixture contained 5 % carbon dioxide. The perfusate was always arterial blood. Each level of hypoxemia was terminated when the continuously measured parameters became stable (approximately 4 min, except in the case of the heart on the 0 % oxygen mixture).
More prolonged carbon dioxide deprivation in the heart and hypoxemia in the kidney were studied in two additional series of animals.
Thus in heart experiments, ventilation was switched from 5 % CO2-20 % 02-75 % N:! to air and maintained for at least 9 min. In the case of kidney experiments, ventilation was switched from 5 % COZ-20 % 02-75 % N2. to 5 % CO2-95 70 N, and maintained for 15 min. To determine whether platelet aggregation plays a role in the response of the renal vascular bed to oxygen lack, platelets were counted in renal arterial and venous blood both before and after about 8 min of ventilation with the 5 % COZ-95 % N-2 mixture. Arterial and venous serum potassium concentrations were also measured.
The effect of alteration in blood flow on resistance during severe hypoxemia was studied in the heart and kidney.
This was accomplished by suddenly raising blood flow from a low to a high value with the pump during ventilation of he lung with 5 % COZ-95 % N:! .
RESULTS

xygen
Large sudden changes in PO? . Using arterial blood as the perfusate (pH 7.57), average Paz of the brachial arterial blood was reduced to 39 (N = 5) and 29 (N = 5) mm Hg and held there for 6 and 3 min, respectively. Brachial arterial perfusion pressure did not change significantly in either of these studies. In the latter experiments, Paz was then quickly raised to a level in excess of 650 mm Hg and held there for 3 min. This maneuver also failed to significantly affect perfusion pressure. More severe hypoxemia was studied using venous blood as the perfusate (N = 7). In these experiments the perfusate Pea was reduced from 114 (16 ~01%) to 2 (0.9 ~01%) mm Hg, pH constant at 7.35, and held there for 6 min. This degree of hypoxemia caused a fall in perfusion pressure ill each animal and stopping the pump for 30 set, thereby creating ischemia, indicated that the vascular bed was maximally dilated (Fig. 2) .
In similar studies on the heart, using arterial blood as the perfusate (N = 1 l), reduction of POT to 30 nml Hg, pH constant at 7.65, reduced coronary perfusion pressure bv 12 % but did not affect left ventricular contractile force. Elevation of PoQ to a level in excess of 650 mm Hg did not increase perfusion pressure or contractile force above the control value. However, using venous blood as renal vascular bed failed to respond greatly to any degree of acute hypoxemia.
Using arterial blood as the perfusate T (h = 6), reduction of Pea to 33 mm Hg (pH constant at 7.57) produced a 9 % fall in renal artery perfusion pressure but elevation of POZ to a level in excess of 650 mm Hg did not raise perfusion pressure above the control value. Using venous blood as the perfusate, reduction of Paz to 6 mm Hg (0.7 ~01%) with pH constant at 7.28 (N = 8) failed to affect perfusion pressure. However, the ischemic maneuver revealed that the bed was capable of dilation (Fig. 2) . These studies suggested that sudden severe hypoxemia lowers resistance to flow through the forelimb and coronary vascular beds but has an irregular effect on the renal vascular bed. It also appeared that the greatest effect in limb and heart occurs only after the Pea falls below 30 mm Hg. The following experiments were therefore performed to more precisely answer these questions.
Graded changes in Paz. Table  1 shows the effects of graded hypoxemia on perfusion pressure in the three vascular beds and on left ventricular contractile force. It is apparent that reduction of perfusate PO, to approximately 30 mm Hg (approximately 12 ~01%) was without effect in any of the three vascular beds. Further reduction to 17 mm Hg (6.8 ~01%) and 5 mm Hg (0.9 ~01%) was also without effect on the renal vascular bed. In contrast, reduction of perfusate POZ to 21 mm Hg (7 ~01%) in the coronary vascular bed produced a significant fall in perfusion pressure, contractile force and aortic pressure. The effects were even greater at a Pas of 9 mm Hg (1.3 ~01%). The latter level could not be maintained for more than a few minutes without complete failure of heart pumping ability. Though the effect was not as striking as in the heart, a PO:! of 8 mm Hg (1.8 ~01%) also significantly reduced forelimb perfusion pressure. These changes expressed in percent of control resistance and contractile force, are graphically illustrated in Fig. 3 . Severe hypoxemia of 8 min duration using venous blood as the perfusate (Fig. 2) and of 4 min duration using arterial blood as the perfusate (Table 1) failed to produce a significant fall in renal vascular resistance. In order to determine whether more prolonged hypoxemia would produce dilation of the renal vascular bed, the lung was ventilated with the 5 % COZ-95 % Nt for 15 min while perfusing with arterial blood. Table 2 shows the results of these experiments.
It is apparent that perfusion pressure was not affected by 2 min of severe hypoxemia. By 8 min, however, the perfusion pressure had fallen 14 mm Hg (below control in 10, equal to control in 3, and above control in 3 experiments).
By 15 min, perfusion pressure was 22 mm Hg below the control value (below control in 13, equal to control in 1, and above control in 2).
Since perfusion pressure did not rapidly fall as it did in the limb and heart, and in some cases actually rose with time and since the renal vascular bed is known to be highly sensitive to platelet aggregates (11, 12), platelet counts were made across the kidney in five experiments.
There was no significant change in the arteriovenous platelet difference after about 5 min of severe hypoxemia.
High plasma potassium causes constriction of the renal bed (9). Therefore, renal arterial and venous plasma potassium concentrations were determined in 11 experiments. There was no significant change in the arteriovenous potassium difference after about 5 min of severe hypoxemia.
Carbon Dioxide. Table 3 and Fig. 4 show the effects of a large sudden decrease in pH of the perfusing blood, evoked by raising the carbon dioxide tension, on the resistance to blood flow through the limb and kidney. Within a very short period of time, perfusion pressure fell in each experiment in both organs. These changes in perfusion pressure always disappeared when the carbon dioxide was suddenly withdrawn.
A slight rise in Paz was regularly observed on addition of CO*. Table 4 and Fig. 5 show the results of the same maneuver in the heart. Fig. 6 . DISCUSSION These studies show that reduction of the oxygen tension and oxygen content of the perfusing blood over the range of the normal arteriovenous difference produces little change in forelimb, renal, or coronary vascular resistance or in left ventricular contractile force. More severe hypoxemia quickly decreases the resistance to flow through the forelimb and coronary vascular beds as well as left ventricular contractile force but has no regular effect on renal vascular resistance. Prolonged severe hypoxemia is required to reduce resistance in the kidney.
These findings implicate oxygen in local regulation of blood flow in some instances but not in others. The absence of an immediate response to hypoxemia in the Tables  1 and 3 . * P = <.Ol relative to control value. t P = <.Ol relative to preceding value.
kidney suggests that oxygen does not participate to an important extent in renal autoregulation of blood flow and perhaps not even in renal reactiv 'e hyperemia. The conclusion regarding autoregulation is supported by other studies. Renal autoregulation occurs in the presence of only a 4 mm Hg fall in renal venous oxygen tension (2 1). Further, renal autoregulation still occurs when this small fall in oxygen tension is prevented by ventilation with 100% 02 (21). It also seems unlikely that oxygen participates in the limb and heart autoregulation which follows elevation of arterial pressure. In this instance, venous ence, tissue oxygen tensi oxygen tension ( d an bY inferon) is changed over the range in which oxygen was found to be without effect. On the other hand, oxygen could well participate in the autoregulation which follows reduction of perfusion pressure, active hyperemia, and reactive hyperemia seen in limb and heart. Under these circumstances, venous oxygen tension may fall to levels which in this study were found to be quickly vasoactive. However, even here, other factors may be involved. Ross et al. (19) found that perfusion of the gastrocnemius muscle with hypoxic blood does not produce as great an increase in flow as is seen during muscular activity even though the venous Poll levels are identical.
Furthermore, in similar studies, Rudko (20) In an attempt to explain this finding, perhaps through changes in blood viscosity or through indirect effects on caliber, several ancillary studies were performed.
Platelet counts across the kidney did not provide evidence suggesting platelet aggregation. In addition renal venous blood was assayed at 5 and 15 min for a pressor substance in those animals presented in Table 2 . The blood did not exhibit increased pressor activity at these times (23) 
Carbon Dioxide
The studies show that a reduction in pH of the perfusing blood by raising the carbon dioxide tension produces a fall in the resistance to flow through limb and kidney. In the heart, the fall in resistance is preceded by a transient rise in resistance and is associated with a fall in left ventricular contractile force. Elevation of pH of the perfusing blood by lowering the carbon dioxide tension produces the reverse effects.
These findings indicate that local changes in carbon dioxide tension and pH are associated with immediate changes in vessel caliber. The direction of the changes are the same as those seen in some forms of local regulation. For example, activation of skeletal muscle produces a 0.03-to 0.07-unit fall in pH and a 4-to 5-mm Hg rise in PCOZ of the venous blood (14, 19, 20) and a fall in resistance (14, 19, 20) . Similarly, release of mechanical arterial occlusion in skeletal muscle produces a 0.03-to O.lO-unit fall in pH and a 7-to lo-mm Hg rise in PcoZ of venous blood and a fall in resistance (14, 15, 20) . Thus, it is possible that carbon dioxide and the hydrogen ion play a role in local regulation. However, the extent to which they participate is difficult to predict from the data at hand. Information useful to such an evaluation would be the effect of smaller changes in carbon dioxide tension and pH than those evoked in the present study. Additional information of value would be the carbon dioxide tension and pH in tissue fluid during local regulation.
In this regard, renal autoregulation occurs in the absence of a change in renal venous blood pH (21). However, it is possible that there are changes in tissue fluid pH not reflected in the venous blood. These studies do not bear on the question of whether the active agent is carbon dioxide or the hydrogen ion. Regardless of the nature of the effective substance, it, like oxygen, may affect resistance through more than one mechanism.
For example, the fall in coronary resistance on elevation of carbon dioxide tension observed in this study could have resulted from the net action of I) a direct effect on coronary arterioles, 2) an indirect effect on coronary arterioles via a reduced metabolite concentration, and 3) an indirect effect via a rise in vascular transmural pressure. The latter two possibilities are inferred from the decrease in myocardial activity which has also been observed by others (1). An indirect metabolic effect might account for the absence of a large rise in resistance on withdrawal of carbon dioxide because, in this instance, the increment in activity of the heart was marked.
However, despite the increased cardiac activity during carbon dioxide deprivation aortic pressure fell below the control value. It is possible that these changes are related to addition of the carbon dioxide to blood rather than to tissue fluid as occurs naturally.
The addition of carbon dioxide to arterial blood could affect the serum concentration of ionized calcium, the serum concentration of potassium, the blood oxygen tension, and the red cell size. These changes might transiently influence 1109 resistance in a direction opposite to that seen when the carbon dioxide tension is first altered in the tissue fluid rather than in the perfusing blood. Obviously, if this question is to be satisfactorily answered, further studies must be initiated.
Effect of Severe Hypoxemia on the Resistance Response to Changes in Flow
This study and the study of Rudko (20) show that measurable autoregulation can still be evoked in kidney and hindlimb in the virtual absence of perfusate oxygen. Although this response cannot be evoked in the heart, elevation of flow in the near absence of perfusate does improve myocardial activity.
oxygen These findings and those described (see Oxygen) and cited (19, 20, 21) 
